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Abstract 

In  this  investigation,  flexible  sensors  embedded  in  a  membrane  electrode  assembly  (MEA)  are  fabricated  to  measure  the  temperature  and  humidity 
of  a  micro-fuel  cell.  Fuel  cell  performance  was  determined  by  the  temperature  and  humidity  of  the  MEA.  Restrictions  on  the  sensor  volume  are 
such  that  in  previous  investigations  the  temperature  and  the  humidity  of  the  MEA  have  been  measured  only  at  the  fuel  inlet  and  outlet.  Hence, 
flexible  micro-thin  film  sensors  were  fabricated  using  micro-electro-mechanical  systems  (MEMS)  fabrication  technology. 

The  thin  film  flexible  sensor  was  2  p>m  thick.  The  temperature  and  humidity  sensors  had  areas  of  180  fim  x  180  fim  and  180  p>m  x  220  jim, 
respectively.  A  flow  channel  was  integrated  in  a  stainless-steel  base  (SS-304)  with  micro-channels  that  are  300  jim  wide  and  200  jim  deep  using 
wet-etching  technology.  This  study  reveals  the  feasibility  of  utilizing  flexible  thin  film  sensors  with  micro-fuel  cells  to  measure  local  temperature 
and  humidity  in  an  MEA.  We  found  that  the  maximum  temperature  difference  between  MEA  and  the  outer  surface  of  a  bipolar  plate  is  5.7  °C. 
The  optimal  performance  curves  of  the  single  cell  are  obtained  at  50  °C,  75%RH  and  H2/02  gas  flow  rates  of  50  ml  min-1.  The  maximum  power 
density  of  the  fuel  cell  was  358  mW  cm-2  and  the  current  density  was  796  mA  cm-2  when  the  cell  voltage  was  0.45  V. 

©  2008  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

In  recent  years,  problems  associated  with  energy  shortages 
have  become  increasingly  serious,  driving  the  promotion  of 
green  energy.  Fuel  cells  are  the  most  likely  technology  to  replace 
petrochemical  fuel  technology  and  become  the  main  source  of 
energy  in  the  future.  However,  they  still  suffer  from  such  prob¬ 
lems  as  low  power  density,  high  cost,  poor  long-term  stability 
and  the  difficulties  of  in  situ  monitoring  of  the  fuel  cell’s  chemi¬ 
cal  and  physical  characteristics.  Water  and  heat  management  are 
critical  determinants  of  the  performance  of  the  fuel  cell  [1,2]. 
The  temperature  and  humidity  conditions  of  a  membrane  elec¬ 
trode  assembly  (MEA)  strongly  affects  the  performance  of  fuel 
cells  [3].  MEA  performs  well  since  its  ionic  conductivity  and 
gas  reaction  rate  increase  with  temperature.  When  the  MEA  is  at 
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low  humidity,  it  cannot  be  easily  traversed  by  protons.  Although 
water  generated  at  the  cathode  can  wet  the  MEA,  it  obstructs  the 
distribution  of  feed  gas  when  water  floods  the  flow  channel,  and 
the  performance  of  the  fuel  cell  worsens  significantly  as  the  gas 
pressure  falls. 

The  volume  of  traditional  temperature  and  humidity  sensors 
is  too  large  to  enable  their  use  in  the  measurement  of  temperature 
and  humidity  in  the  MEA  of  fuel  cells.  Measurements  cannot 
necessarily  be  made  wherever  required.  Such  sensors  measure 
only  the  temperature  and  the  humidity  outside  the  fuel  cells 
and  yield  results  with  errors  that  exceed  those  associated  with 
measurements  made  in  MEA.  Several  studies  have  been  con¬ 
ducted  in  this  area  to  monitor  the  temperature  and  humidity  of 
fuel  cells  [4-8] .  Some  of  these  works  adopted  larger  commer¬ 
cial  sensors  [9]  to  monitor  the  exterior  of  fuel  cells.  Others  have 
used  sensors  that  could  be  placed  at  the  gas  inlet  and  outlet  but 
not  inside  the  fuel  cell.  However,  they  could  not  measure  the 
temperature  or  humidity  at  each  local  spot  inside  the  fuel  cell; 
they  could  take  only  the  average  value.  To  date,  the  simulation 
of  various  methods  has  been  studied  via  computable  approaches 
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[10-14].  By  setting  ideal  assumption  to  simple  mathematical 
formulas,  simulation  can  only  predict  the  tendency  of  tempera¬ 
ture  and  humidity  distribution  inside  the  fuel  cell.  To  the  best  of 
the  authors’  knowledge,  no  research  has  been  performed  on  the 
simultaneous  monitoring  of  both  temperature  and  humidity  in 
situ.  A  traditional  thermocouple  is  typically  adopted  to  measure 
the  temperature  of  a  fuel  cell.  The  sensor  has  a  large  volume,  so 
the  measurement  position  cannot  be  identified  precisely,  and  fuel 
leaks  out  during  fuel  cell  assembly.  In  authors’  other  research, 
it  was  found  that  the  maximum  temperature  difference  between 
ribs  and  the  outer  surface  of  a  bipolar  plate  was  4.54  °C  [15]. 
This  new  work  reveals  the  feasibility  of  utilizing  flexible  thin 
film  sensors  with  micro-fuel  cells  to  measure  local  temperature 
and  humidity  in  an  ME  A  not  ribs. 

Due  to  performance  levels  and  dry  or  flooding  problems  in 
fuel  cells,  temperature  and  humidity  are  important  factors.  In  this 
investigation,  micro-electro-mechanical-systems  (MEMS)  fab¬ 
rication  technology  was  utilized  to  fabricate  micro-temperature 
and  humidity  sensors  on  a  parylene  substrate  [16-18]  for  the 
purpose  of  monitoring  in  situ  the  temperature  and  humidity  in 
a  fuel  cell  in  MEA.  This  fabrication  technique  offers  the  advan¬ 
tages  of  (1)  mass  production,  (2)  small  size,  and  (3)  flexible  but 
precise  measurement  positions. 

2.  Methodology 

2.7.  Theory  governing  temperature  sensors 

In  this  investigation,  a  resistance  temperature  detector  (RTD) 
was  used  as  a  temperature  sensor.  The  resistance  of  an  RTD 
increases  with  the  environmental  temperature,  because  a  metal 
conductor  has  a  positive  temperature  coefficient  (PTC).  If  the 
temperature  variation  of  RTD  is  linear,  then  the  relationship 
between  the  measured  resistance  and  temperature  change  is 
given  by 


Fig.  1.  The  structure  of  micro-humidity  sensor. 


employed  herein.  The  dielectric  constant  increases  with  envi¬ 
ronmental  humidity  as  the  polymer  absorbs  water.  The  variation 
in  the  capacitance  of  a  humidity  sensor  is  given  by 


C 


=  ns 


w(L  —  x) 
d 


(4) 


where  C  is  the  capacitance  of  the  humidity  sensor;  n  is  the  num¬ 
ber  of  fingers  of  the  interdigitated  electrodes;  s  is  the  dielectric 
constant  of  the  sensing  film;  w  and  L  are  the  thickness  and  the 
length  of  the  interdigitated  electrode,  and  x  and  d  are  the  dis¬ 
tance  between  the  two  electrodes  in  different  directions.  Fig.  1 
depicts  the  structure  of  the  capacitive  humidity  sensor,  and  the 
sensitivity  of  the  humidity  sensor  is  given  by 


AC 

OCR  —  - 

A%RH 


(5) 


where  olr  is  the  sensitivity  of  the  humidity  sensor  (77% RH) 
[19,21]. 


3.  Fabrication 


3.1.  Schematic  of  entire  system 


Rt  =  Ri(l  +  aT  AT)  (1) 

A  T  =  t-tt  (2) 


where  Rt  and  RL  are  the  resistance  of  RTD  at  t  (°C)  and  i  (°C); 
olt  is  the  positive  temperature  coefficient  of  RTD;  AT  is  the 
variation  of  temperature  with  the  reference  temperature;  t  and  t[ 
are  the  temperatures  of  RTD  at  t  (°C)  and  i  (°C).  Eq.  (1)  can  be 
rearranged  into 


Oij 


Rt  -  Ri 


RiAT 


(3) 


where  aj  represents  the  sensitivity  of  the  temperature  sensor 
CCT1)  [19,20], 


2.2.  Theory  governing  humidity  sensors 

Polymeric  humidity  sensors  may  be  divided  into  resistive 
and  capacitive  sensors  according  to  their  constituent  polymer. 
Since  temperature  affects  resistive  sensors,  capacitive  humid¬ 
ity  sensors,  whose  electrode  structures  are  interdigitated,  are 


Figs.  2  and  3 schematically  depict  the  entire  system  and 
the  placement  of  sensors.  We  used  commercial  GDE  (E-TEK, 
LT140EWSI)  and  Nafion-212  to  assemble  the  MEA.  Fig.  4 
displays  the  bipolar  plate  with  the  micro-channels.  The  width 


Fig.  2.  Schematic  of  entire  system. 
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Fig.  3.  Placement  of  sensors. 

of  each  channel  is  300  |uim,  and  the  depth  is  200  jxm.  To  first 
confirm  our  initial  conception  and  also  considered  the  total  reac¬ 
tion  area,  we  put  only  one  batch  of  micro-sensors  (including 
one  micro-temperature  sensor  and  one  micro-humidity  sen¬ 
sor)  into  the  center  of  MEA.  When  a  proton  passes  through 
MEA  from  the  anode  to  the  cathode,  the  chemical  reaction 
increases  the  temperature  of  MEA  and  water  is  generated  at 
the  cathode.  The  micro-temperature  and  humidity  sensors  are 
placed  in  MEA  to  precisely  measure  the  temperature  and  humid¬ 
ity  of  MEA  at  different  flow  channel  positions  in  situ.  The 
two  poly-/?ara-xylylene(parylene)  thin  films  are  used  to  pro- 


Fig.  4.  Bipolar  plate  with  micro-channels. 
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Fig.  5 .  Fabrication  flowchart  of  parylene-based  micro-temperature  and  humidity 
sensors. 

tect  micro-sensors  from  the  stretching  force  associated  with 
MEA. 

3.2.  Fabrication  process  of  micro -sensors 

Fig.  5  shows  the  fabrication  flowchart  of  parylene-based 
micro-temperature  and  humidity  sensors.  The  process  begins 
with  the  evaporation  of  a  layer  of  chromium  (Cr)  on  a  silicon 
wafer  as  a  sacrificial  layer  and  the  deposition  of  a  1-ptm-thick 
thin  film  of  polymer  parylene  as  both  a  protective  layer  and  a  sub¬ 
strate.  The  first  lithographic  process  is  applied  with  the  purpose 
of  defining  the  pattern  of  the  micro-temperature  and  humidity 
sensors.  Ti  (100  A)  and  Au  (1000  A)  are  deposited  in  that  order 
on  parylene  substrate  using  an  e-beam  evaporator.  The  structure 
of  the  sensors  is  formed  during  the  lift  off  process.  Then,  another 
parylene  layer  is  evaporated  to  protect  the  structure.  The  second 
lithographic  process  is  implemented  to  define  the  pattern  of  the 
contact  pads  and  the  sensing  region  of  the  film. 

Following  reactive  ion  etching  (RIE),  polyimide  is  coated 
on  micro-humidity  sensor  as  a  sensing  film.  Finally,  the  silicon 
substrate  is  segmented  using  a  dicing  saw  and  the  micro-sensors 
are  peeled  by  soaking  them  in  chromium  etchant. 

4.  Result  and  discussion 

In  this  study,  the  micro-temperature  sensor  is  the  gold 
RTD  and  the  micro-humidity  sensor  is  the  capacitive-type 
sensor  with  interdigitated  electrodes;  Figs.  6  and  7  present 
optical  microscopic  photographs.  The  dimensions  of  the  micro¬ 
temperature  and  humidity  sensors  were  180  [xm  x  180  |xm  and 
180  p,m  x  220  jim,  respectively.  Fig.  8  depicts  the  final  sensor 
products. 

After  the  sensor  had  been  formed,  they  were  calibrated  using 
a  programmable  temperature  and  humidity  chamber,  which  is 
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Fig.  6.  Optical  microscopic  photograph  of  micro-temperature  sensor. 


Fig.  7.  Optical  microscopic  photograph  of  micro-humidity  sensor. 

shown  in  Fig.  9.  Figs.  10  and  1 1  plot  the  calibration  curves.  The 
sensitivities  of  the  micro-temperature  and  the  humidity  sensor 
are  4.81  x  10-3  °C_1  and  0.03pF/%RH,  respectively. 

The  micro-temperature  and  humidity  sensors  were  hot- 
pressed  into  MEA.  The  temperature,  humidity  and  the  cell 
performance  were  measured  using  a  fuel  cell  testing  system  dur¬ 
ing  the  operation  of  the  fuel  cell,  as  shown  in  Fig.  12.  Fig.  13 
compares  the  measurements  made  with  the  thermocouple  and 
those  made  with  the  micro-temperature  sensor  during  the  oper¬ 


Fig.  8.  Final  sensor  products. 


Fig.  9.  Programmable  temperature  and  humidity  chamber. 


ation  of  the  micro-fuel  cell.  After  16  min  of  operations,  the 
temperature  measured  by  the  thermocouple  was  52.6  °C,  and 
that  measured  by  the  micro-temperature  sensor  was  58.3  °C. 
We  found  that  the  maximum  temperature  difference  between 
the  MEA  and  the  outer  surface  of  bipolar  plate  is  5.7  °C.  Five 
minutes  later,  the  relative  humidity  was  94.7%RH,  as  shown  in 
Fig.  14.  We  can  measure  the  local  temperature  and  humidity 
within  the  MEA  but  not  only  takes  the  average. 

Operating  conditions  seriously  influence  cell  performance.  In 
this  investigation,  the  effects  of  operating  conditions  are  exam¬ 
ined.  As  indicated  in  Table  1,  three  parameters — gas  flow  rate, 
humidity,  and  operating  temperatures  were  studied. 
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Fig.  13.  Comparison  of  measurements  made  using  thermocouple  and  micro¬ 
temperature  sensor  during  the  operation  of  a  micro-fuel  cell. 


Table  1 

Various  operating  conditions  for  micro-fuel  cell 


1.  rceii  =  50  °C,  no  humidify 

Different  H2/O2  flow  rate  (ml  min-1) 

30 

50 

70 

2.  rceii  =  50  °C,  H2/02  =  50  ml  min-1 
Different  humidify  (%RH) 

50 

75 

100 

3.  No  humidify,  H2/O2  =  50  ml  min-1 
Different  operating  temperature  (°C) 

30 

50 

70 

In  this  work,  the  performance  curves  of  a  single  cell  were 
found  to  be  optimal  at  50  °C,  75%RH  and  H2/O2  gas  flow  rates  of 
50  ml  min- 1 .  The  maximum  power  density  of  the  micro-fuel  cell 
was  358  mW  cm-2  and  the  current  density  was  796  mA  cm-2  at 
a  cell  voltage  of  0.45  V.  Figs.  15-17  plot  the  data  and  since 
flexible  sensors  were  included  in  the  MEA.  As  displayed  in 
Fig.  1 8,  the  insulated  parylene  film  probably  reduced  the  reaction 
area  and  also  reduced  the  cells  performance. 


Fuel  control  system 


LCR  meter 


Electronic  load  controller 


Fig.  12.  Fuel  cell  testing  system. 
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Fig.  15.  Variation  of  cell  performance  with  gas  flow  rate. 


Fig.  16.  Variation  of  cell  performance  with  humidity. 


Fig.  17.  Variation  of  cell  performance  with  temperature. 


Fig.  18.  Comparison  of  cell  performance  with  and  without  sensors. 


5.  Conclusion 

In  this  work,  micro-flexible  temperature  and  humidity  sensors 
were  successfully  fabricated  on  parylene  substrate.  Micro- 
flexible  temperature  and  humidity  sensors  were  employed  in 
situ  to  monitor  the  temperature  and  humidity  of  a  fuel  cell  within 
MEA.  This  technique  will  provide  the  optimal  operation  param¬ 
eters  of  fuel  cells  as  references  for  optimizing  maximum  cell 
performance.  They  will  also  be  used  in  commercial  fuel  cells. 
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